Light-dependent activation of thylakoid protein phosphorylation regulates the energy distribution between photosystems I and II of oxygen-evolving photosynthetic eukaryotes as well as the turnover of photosystem II proteins. So far the only known effect of light on the phosphorylation process is the redox-dependent regulation of the membranebound protein kinase(s) activity via plastoquinol bound to the cytochrome bf complex and the redox state of thylakoid dithiols. By using a partially purified thylakoid protein kinase and isolated native chlorophyll (chl) a͞b light-harvesting complex II (LHCII), as well as recombinant LHCII, we find that illumination of the chl-protein substrate exposes the phosphorylation site to the kinase. Light does not activate the phosphorylation of the LHCII apoprotein nor the recombinant pigment-reconstituted complex lacking the N-terminal domain that contains the phosphothreonine site. The suggested light-induced conformational change exposing the Nterminal domain of LHCII to the kinase is evidenced also by an increase in its accessibility to tryptic cleavage after light exposure. Light activates preferentially the trimeric form of LHCII, and the process is paralleled by chl f luorescence quenching. Both phenomena are slowly reversible in darkness. Light-induced exposure of the LHCII N-terminal domain to the endogenous protein kinase(s) and tryptic cleavage occurs also in thylakoid membranes. These results demonstrate that light may regulate thylakoid protein phosphorylation not only via the signal transduction chain connecting redox reactions to the protein kinase activation, but also by affecting the conformation of the chl-protein substrate.
Redox-controlled thylakoid protein phosphorylation in photosynthetic eukaryotes plays an important role in the regulation of the light energy distribution between the two photosystems (PSs) and controls the light-induced turnover of PSII reaction center subunits. The reversible association͞ dissociation of a mobile pool of the light-harvesting chlorophyll (chl) a͞b protein complex (LHCII) with PSII (state I to state II transition) is ascribed to the redox-controlled activation͞deactivation of thylakoid-bound protein kinase(s) and phosphorylation of the LHCII proteins (1, 2) . Phospho-LHCII dissociates from PSII and transfers energy to PSI (state II, reviewed in ref. 2) . Phospho-LHCII is dephosphorylated by a thylakoid-bound phosphatase (3) (4) (5) regulated by a recently discovered cyclophilin-like protein, TLP40, localized in the thylakoid lumen (6, 7) . After dephosphorylation, LHCII reassociates with PSII (state I, refs. 7-9). The state transition process involves lateral migration of LHCII (10) and cytochrome bf complex from the appressed to the nonappressed thylakoid domains, thereby enhancing PSI cyclic electron flow (11) .
The signal transduction loop interconnecting light-driven electron flow with the thylakoid protein kinase(s) activation involves the interaction of reduced plastoquinone with the quinol oxidation site of the cytochrome bf complex whose electron carriers of the high potential path, the Rieske Fe-S center and cytochrome f, are reduced (7, (12) (13) (14) (15) . So far, the role of light during thylakoid protein phosphorylation was ascribed solely to redox activation of the protein kinase(s). Recently, it also was reported that the redox state of thylakoid thiols plays a regulatory role in the thylakoid protein phosphorylation (16) . By using a partially purified protein kinase preparation obtained from spinach thylakoids and isolated native or recombinant LHCII, we demonstrate that light also may affect the accessibility of the phosphorylation site of LHCII to the kinase in an in vitro reconstituted system. Illumination also enhances the accessibility of LHCII to the endogenous thylakoid membrane kinase.
We propose that light plays a dual role in the process of regulation of the thylakoid protein phosphorylation, that of enzyme activation via the redox signal transduction system as well as enhancing the exposure of the chl-protein substrate phosphorylation site to the protein kinase.
MATERIALS AND METHODS
Preparation of Kinase Active Fractions. Spinach thylakoids prepared as in ref. 17 were suspended in 10 mM Tris⅐HCl (pH 8.0), 0.4 M sucrose, and 10 mM NaCl and stored at Ϫ70°C. Crude protein extracts were prepared from the thylakoids and a protein-kinase enriched fraction (AMS) was obtained by ammonium sulfate precipitation (35-55% saturation) according to ref. 18 .
The AMS precipitate was dissolved in 25 mM Tris⅐HCl (pH 7.5) containing 25 mM ␤-D-octyl glucoside, 200 M phenazine methosulfate, and 1 mM benzamidine. Further fractionation after treatment of AMS with 1.0 M LiClO 4 (pH 6.0) in the cold for 10 min and desalting on Sephadex G-25 columns was performed by ion-exchange perfusion chromatography (PO-ROS-Q, PerSeptive Biosystems, Framingham, MA) (20, 21) using an HPLC apparatus (Merck-Hitachi, L-6200A). Fractions (1 ml) were eluted at 4°C by a NaCl gradient (0-0.7 M) containing 5 mM 3-[(chloroamidopropyl)dimethyl-ammonio]-1-propansulfonate and 0.1% Triton X-100. The peak of kinase activity was found typically in fractions 17-22. Kinase fractions
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Abbreviations: chl, chlorophyll; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethyl-urea; LHCII, light-harvesting complex II; PS, photosystem. ʈ To whom reprint requests should be addressed. e-mail: ohad@ vms.huji.ac.il. exhibiting up to 800-fold enrichment of activity on a protein basis (19) were stored at Ϫ70°C until use. Kinase activity of protein bands in the various fractions was detected by electrotransfer of the proteins after denaturing SDS͞PAGE to poly-(vinylidene difluoride) membranes followed by renaturation of the kinase as in ref. 22 . The renatured kinase bands did not exhibit self-phosphorylation and were detected by using 32 P-␥-ATP-Mg and histone S-III as a substrate. Cytochrome f, the Rieske protein, and polyphenol-oxidaze were detected by immunodecoration (23) using monospecific polyclonal antibodies.
Phosphorylation Assay. The phosphorylation reaction mixture (100 l) contained 50 mM Tris⅐HCl (pH, 8.0), 10 mM NaCl, 10 mM MgCl 2 , 0.2 mM ATP (25 C 32 P-␥-ATP mmol Ϫ1 ), 10 mM NaF, 0.5 mM 3-[(chloroamidopropyl)dimethyl-ammonio]-1-propansulfonate, 0.01% Triton X-100, chlprotein substrate equivalent to 2.5 g chl or 5 g of pigmentfree protein, and finally 5 g protein of the kinase fraction. Unless otherwise specified, all incubations were carried out in Eppendorf tubes at 25°C in dim light (Ͻ5 mol m Ϫ2 ⅐s
Ϫ1
) or in darkness. Phosphorylation was terminated by addition of SDS͞PAGE sample buffer, and aliquots were counted for 32 P-phosphoprotein content (19) . Additional aliquots were taken for resolution of the phosphorylated polypeptides by denaturing SDS͞PAGE (24) and autoradiography. The radioactive labeling of LHCII was measured by scanning autoradiograms exposed for linear response. Labeling of LHCII monomers and trimers was determined by scanning of the chl-proteins resolved by nondenaturing gel electrophoresis (25) . Detection of nonradioactively labeled phosphoproteins was carried out by immunodecoration using antiphosphothreonine antibodies (26) .
Preparation of Phosphorylation Substrates. Native LHCII was prepared from 9-to 11-day-old pea plants according to ref. 27 and stored at Ϫ70°C in 0.5% nonyl-␤-D-glucoside. Recombinant LHCII was obtained from bacterial overexpressed protein, either as a wild-type protein with the authentic amino acid sequence of Lhcb1*2 in pea or as an N-terminally truncated version lacking 11 aa (clone ⌬N-11 in 28). Reconstitution of the complexes with added chl and carotenoids was as described (28) . Histone S-III was purchased from Sigma.
Light Exposure, Trypsin Treatment, and Fluorescence Measurements. Isolated and recombinant LHCII substrates were suspended in 100-l reaction mixture and exposed to white light (200 mol photons m Ϫ2 ⅐s
) at 25°C in the presence of the kinase and ATP-Mg. For preillumination experiments, LHCII suspended in the phosphorylation reaction mixture lacking the enzyme was exposed to light as above before the addition of the kinase and further incubation in darkness.
Light-induced exposure of LHCII to phosphorylation in situ was detected by preincubation of thylakoids in the light (50 mol photons m Ϫ2 ⅐s
) or in darkness for 5 min while preventing the thylakoid endogenous kinase activation by addition of 10 M 3-(3,4-dichlorophenyl)-1,1-dimethyl-urea (DCMU) during the illumination. Phosphorylation was allowed to occur in darkness for 20 min in the presence of 32 P-␥-ATP-Mg without or with addition of 1 mM duroquinol to activate the kinase. As a control, thylakoids also were phosphorylated in light in the presence or absence of DCMU without the addition of duroquinol.
To test the effect of preillumination on the tryptic digestion of LHCII, isolated native LHCII samples equivalent to 25 g of chl were preincubated for 10 min in 100 l of the phosphorylation buffer in the light (200 mol photons m Ϫ2 ⅐s
) or in darkness. The samples then were incubated at room temperature in darkness for 2 min with the addition of trypsin (0.2 g).
For tryptic digestion of LHCII in situ thylakoids equivalent to 25 g of chl suspended in a final volume of 100 l of 50 mM Tris⅐HCl buffer, pH 7.5, containing 5 mM MgCl 2 and 10 mM NaCl were incubated for 5 min in the light (30 mol photons m Ϫ2 ⅐s
) with addition of 10 M DCMU to prevent the kinase activation or in darkness. Trypsin (0.2 g ml
) was added, and incubation was continued in darkness for 10 min at 25°C. Trypsin was obtained from Sigma (type XIII, bovine pancreas), and proteolysis was terminated by the addition of soybean trypsin inhibitor (Sigma) at a ratio of 4:1 inhibitor͞trypsin (wt͞wt).
Fluorescence of isolated LHCII (1 ml, 1.6-1.8 OD at 430 nm) elicited at 22°C by actinic light of various intensities was measured by using a pulse amplitude-modulated fluorimeter (Waltz, Effeltrich, Germany) and the fluorescence emission was monitored by the modulated beam (650 nm, 1.6 kHz, light intensity 0.01 mol m Ϫ2 ⅐s
). Fluorescence emission and excitation spectra at 77 K were recorded as described (29) .
RESULTS

Phosphorylation of LHCII by Partially Purified Protein
Kinase. The phosphorylation activity of fractions obtained after the purification of a thylakoid protein extract by perfusion chromatography, using histone S-III and isolated LHCII as substrates, is shown in Fig. 1A . Resolution of the protein pattern of the partially purified kinase fraction by SDS͞PAGE disclosed the presence of about 10 polypeptide bands. Among these, cytochrome f, the Rieske protein, and polyphenoloxidaze were identified by immunoblotting (not shown). A correlation was found between the protein kinase activity and the presence of a major polypeptide band, possibly a doublet, at about 65 kDa detected by its kinase activity after denaturing SDS͞PAGE and renaturation on poly(vinylidene difluoride) membrane. The 65-kDa band was present in the AMS and the kinase-enriched chromatography fractions 20-22 but not in the nonactive fraction 16 (Fig. 1B) .
Effect of Illumination on the Phosphorylation of Native and Recombinant LHCII. Illumination of the phosphorylation assay increases several-fold the labeling of native isolated LHCII ( Fig. 2 A and B) but not that of histone S-III as compared with a dark control (Fig. 2B ). To determine whether light affects specifically the phosphorylation of the chl-protein LHCII complex, recombinant LHCII apoprotein was used as a substrate before or after reconstitution with pigments (28) . The recombinant apoprotein is a relatively poor substrate and illumination did not increase its phosphorylation. The phosphorylation in darkness of recombinant LHCII reconstituted with pigments was only slightly higher than that of the apoprotein and increased in the light by about 40% (Fig. 2C) . Because in the reconstitution system only about 20% of the apoprotein is associated with pigments (28) these results indicate that light indeed affects the recombinant LHCII chl-protein.
LHCII associated with PSII in situ assumes a trimeric form (reviewed in refs. 2 and 30). Thus, it was of interest to determine whether light specifically activates the phosphorylation of the oligomeric form of the LHCII substrate. Isolated pea LHCII consisting of a mixture of monomers and trimers therefore was phosphorylated in the light or darkness. Subsequently monomers and trimers were resolved by nondenaturing gel electrophoresis, and their radioactive labeling was determined by autoradiography. As shown in Fig. 3 , illumination increases the phosphorylation of both the monomer and trimer LHCII relative to the dark control. However, light affects the phosphorylation of the monomers only during the first 10 min of incubation, whereas the effect of light on the phosphoryaltion of LHCII trimers continues for up to 30 min (Fig. 3A) . The phosphorylation of LHCII, measured by scanning the autoradiogram and relating the intensity to the protein content by scanning the stained gels, indicates that light preferentially activates the phosphorylation of the LHCII trimers (Fig. 3B) . Small amounts of LHCII that did not penetrate the running gel are formed with increasing illumination and could represent aggregates of denatured LHCII. These aggregates are not significantly phosphorylated as compared with the LHCII monomers and trimers (Fig. 3A) .
Illumination of the in vitro phosphorylation assay increased only slightly the phosphothreonine content of total LHCII relative to the sample phosphorylated in darkness as detected by phosphothreonine antibodies after denaturing SDS͞PAGE (Fig. 3C ). This finding could be explained if one considers that part of the phosphothreonine sites already is esterified in vivo before the LHCII isolation as detected by this method (not shown).
Effect of Illumination on the Exposure of the LHCII NTerminal Phosphorylation Site. The threonine residue that is the phosphorylation site of LHCII (2) is located on its Nterminal hydrophilic domain exposed in situ at the outer surface of the appressed grana thylakoid membranes. The N-terminal deleted recombinant LHCII apoprotein reconstituted with pigments and lacking the phosphothreonine site was not phosphorylated by the added kinase (Fig. 2C ). This domain of LHCII is also highly sensitive to trypsin, which cleaves a segment of about 2 kDa containing the phosphothreonine site (31) . To determine whether a putative light-induced conformational change affects this N-terminal region, enhancing its exposure to the protein kinase, we have tested the effect of light on the accessibility of the isolated LHCII N-terminal domain to tryptic cleavage. The results demonstrate that preillumination of native LHCII facilitates the subsequent cleavage of the N-terminal domain by trypsin in darkness as indicated by the typical increase in the electrophoretic mobility of the residual LHCII (Fig. 4) . Notably, a concomitant loss of the phosphorylation site occurs as indicated by the lack of radioactive labeling of the substrate.
Light-Induced Activation of LHCII in the Absence of the Kinase. The question arises whether illumination may alter the conformation of isolated LHCII in the absence of the enzyme. To test this possibility, we have preilluminated LHCII and performed the phosphorylation by adding the kinase in darkness subsequent to the illumination (Fig. 5) . LHCII phosphorylation increases with the raise in the light intensity during the preillumination and reached a plateau at about 200 mol photons m Ϫ2 ⅐s
Ϫ1
. This saturating light level, which is in the lower range of natural daylight, does not cause bleaching of the isolated LHCII (not shown).
The illumination of LHCII that leads to an increase in its phosphorylation level also induces quenching of the LHCII fluorescence (Fig. 5) . The fluorescence emission at 77 K of control LHCII shows a maximum at 681 nm and a low shoulder at 695 nm. After illumination an increase in the 695-nm emission relative to the emission of the 681 nm is observed, indicating some aggregation of LHCII. However, the excitation spectrum of the chl a emission bands (681 and 695 nm) indicates that energy transfer from chl b (absorption band at 650 nm) is not altered after illumination of LHCII (not shown). The quenching of LHCII fluorescence depends on the illumination intensity and time of exposure and varies to some extent for different preparations. Exposure of LHCII to higher light intensities known to cause photoinactivation of PSII and reversible inactivation of LHCII phosphorylation in vivo (2,500 mol m Ϫ2 ⅐s Ϫ1 ) (32) leads to a further increase of the fluorescence quenching (Fig. 5) . However, under these conditions the LHCII phosphorylation decreases slightly and some chl bleaching (less than 5%) occurs as well (not shown). 6 . Reversibility of the light-induced activation of LHCII phosphorylation and fluorescence quenching. LHCII suspended in the phosphorylation buffer in darkness was transferred to the light (Dark Ͼ 220 E) and incubated for 15 min, then transferred and incubated in darkness (ϾDark) for 45 min to allow decay of the light-activated state and then re-exposed to the light (Ͼ220 E) for 15 min. Samples were taken at each step, the kinase was added to each sample, and phosphorylation was allowed to proceed for 20 min in darkness. The fluorescence emission of the sample was measured at the end of each incubation period in the light or darkness, and the value of a sample kept in darkness as is taken as 100%; open and dashed bars, levels of LHCII fluorescence and phosphorylation, respectively; E, mol photons m Ϫ2 ⅐s Ϫ1 .
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Plant Biology: Zer et al. Proc. Natl. Acad. Sci. USA 96 (1999) be repeated without significant loss in the light-induced activation of LHCII phosphorylation. Effect of Illumination on the LHCII Phosphorylation in Situ. The question arises whether the illumination of LHCII exposes its N-terminal domain to the protein kinase in intact thylakoid membranes. To test the possibility that light may induce exposure of LHCII to the protein kinase in situ, isolated thylakoids were preilluminated in presence of 10 M DCMU that completely prevented the activation of the endogenous kinase during the light exposure. The thylakoid kinase subsequently was activated in darkness by addition of duroquinol. A significant increase was obtained in the phosphorylation of LHCII in the preilluminated thylakoids during the phosphorylation in darkness as compared with nonpreilluminated control thylakoids (Fig. 7A) . Preillumination of thylakoids in the presence of DCMU also enhanced exposure of the LHCII N-terminal domain to trypsin cleavage as compared with a nonpreilluminated sample (Fig. 7B) . These results indicate that illumination affects the conformation of LHCII exposing the N-terminal domain to the protein kinase and trypsin in situ.
DISCUSSION
As part of a project aimed at the identification of the thylakoidbound protein kinase(s) (19, 22) , we have partially purified a solubilized protein kinase preparation and assayed the kinasesubstrate interaction in an in vitro reconstituted system. Experimental results obtained with this system disclosed that light may contribute to the regulation of LHCII phosphorylation by affecting the conformation of its N-terminal domain.
Effect of Light on Isolated Native or Recombinant LHCII. The results presented here show that light affects the native or recombinant LHCII reconstituted with pigments but not the recombinant apoprotein. The suggested light-induced conformational changes of LHCII involve its hydrophilic N-terminal domain containing the phosphothreonine residue(s) exposed to the stromal thylakoid membrane surface (33) . This conclusion is based on the experiments showing loss of light activation of the N-terminal-deleted recombinant LHCII as well as increased tryptic cleavage of native LHCII (Figs. 2 and 4) . One should note that both the native and recombinant pea LHCII used as substrates harbor several threonine residues besides the specific phosphorylation sites Thr-6 and͞or Thr-7 of the N-terminal domain. Among these, Thr-38, Thr-49, and Thr-58, which are not removed by the tryptic proteolysis, are located in the hydrophilic stroma-exposed N-terminal domain, whereas Thr-227 is located in the hydrophilic C-terminal domain exposed on the luminal side of the membrane (34) . These sites are not phosphorylated in thylakoids by the endogenous protein kinase as demonstrated by loss of all phosphorylated sites after trypsin cleavage of the LHCII N-terminal domain in isolated thylakoid membranes (33) . The solubilized protein kinase used in this work maintains this specificity toward the phosphorylation site(s) at the N-terminal domain of both native and recombinant LHCII. Furthermore, the light-induced exposure of this site(s) to the kinase also indicates that both substrates maintain the natural conformation of the chl-protein complex exhibited by LHCII in situ.
Previous work has demonstrated that illumination of LHCII induces f luorescence quenching (35) ascribed to microaggregation and affects the chirality of the pigment-protein macro-complexes as indicated by CD spectroscopy (36) . The aggregation and fluorescence quenching phenomena may represent parallel events induced by light but not necessarily related to the exposure of the N-terminal domain of the complex to the kinase and trypsin activity. The activation of LHCII as a kinase substrate reaches a plateau at relatively low light intensity whereas the LHCII fluorescence quenching continues to increase with further increasing light intensity. Preliminary experiments indicate that preillumination of LH-CII in the absence of MgCl 2 or at higher detergent concentrations, thereby minimizing macro-aggregation, does not lower the light-induced increase in LHCII phosphorylation. Furthermore, the light effect on the phosphorylation is not the result of irreversible thermal denaturation caused by heating of the LHCII in the dispersed or aggregated form. Preillumination of LHCII at 7°C or 15°C did not affect the light-induced increase in phosphorylation as compared with illumination at 22-25°C (not shown). Furthermore, the light-induced substrate activation reported here is a reversible process (Fig. 6) . It is, however, possible that transient temperature jumps after excitation of the LHCII complex may contribute to the phenomena reported in this work.
Light-Induced Exposure of LHCII to the Endogenous Protein Kinase in Situ. The light-enhanced exposure of LHCII N-terminal domain is not restricted to the in vitro reconstituted system and represents a property of LHCII in situ. Preillumination of thylakoids substantially increases the phosphorylation of LHCII in darkness as compared with a dark control. This result is not due to the activation of the thylakoid kinase during illumination because electron flow activity of PSII was inhibited during the illumination by DCMU and the kinase was activated only in darkness by addition of duroquinol.
The hydrophilic LHCII N-terminal domain is exposed on the membrane surface and may assume different conformations. Lateral aggregation leading to formation of LHCII sheets, or association of LHCII-PSII complexes, may affect its spatial orientation. Reversible light-induced structural reorganization of LHCII macro-domains ascribed to transient thermal fluctuations and ions movement has been reported to occur in thylakoid membranes as well as in isolated LHCII (37, 38) . Possibly, under such conditions structural changes may occur within LHCII that may expose the N-terminal domain to the kinase.
The mechanism of the phosphorylation-induced dissociation of LHCII from PSII during the state transition process is still not fully understood. Charge repulsion between the phosphorylated LHCII and PSII cores (39) Thylakoids preilluminated in the presence of DCMU for 5 min (Preill.) or incubated in darkness (D) were exposed to trypsin in darkness for 10 min. Con., control thylakoids not exposed to trypsin cleavage.
Trimeric LHCII is the prevailing form associated with PSII in its nonphosphorylated state (41) . Based on the lightstimulated phosphorylation of isolated LHCII before resolution into monomers and trimers and on the specific radioactivity of the 32 P-␥-ATP, one can calculate incorporation of 5 nmols 32 P mol chl Ϫ1 of LHCII. Assuming 14 chl molecules per LHCII monomer (42) , one can estimate an average incorporation of 70 nmols 32 P mol chl Ϫ1 of LHCII monomers. The phosphorylation of the LHCII trimers is about 5-fold higher than that of the monomer (Fig. 3) and thus, about one phosphate is incorporated͞LHCII trimer in the in vitro system, which is equivalent to 30% of the maximum expected if one phosphothreonine site can be phosphorylated per monomer (33, 43) . This phosphorylation level is similar to that obtained in isolated thylakoids during state transition (2) , indicating the similarity of the in vitro reconstituted and in situ systems.
The light-induced conformational changes of the nonphosphorylated LHCII may alter the interaction between PSII and LHCII trimers, concomitantly exposing the LHCII N-terminal domain to the kinase. Phosphorylation then may stabilize the new conformation of the LHCII and destabilize the PSII-LHCII trimer interaction, leading to their dissociation.
Phosphorylation of LHCII in situ can be induced by lightindependent reduction of the plastoquinone pool and the cytochrome bf complex (2, 15) . Thus, the light-induced exposure of the LHCII phosphorylation sites in situ may affect the initial kinetics and efficiency of the process. However, considering that dephosphorylation of phospho-LHCII by the thylakoid phosphatase occurs concomitant with the phosphorylation process (44, 45), the steady-state level of the phosphorylated LHCII in vivo depends on its phosphorylation and dephosphorylation rates and one should consider that the latter process may be affected by the light-induced conformational change of LHCII as well.
Conclusions. The results obtained in this work, using an in vitro kinase-LHCII substrate reconstituted system as well as isolated thylakoids, indicate that illumination affects the conformation of the chl-protein complex and points toward a novel aspect of the light effect on the dynamics of photosynthetic membrane protein complexes.
